Reproduction is required for the survival of all mammalian species, and thousands of essential 'sex' genes are conserved through evolution. Basic research helps to define these genes and the mechanisms responsible for the development, function and regulation of the male and female reproductive systems. However, many infertile couples continue to be labeled with the diagnosis of idiopathic infertility or given descriptive diagnoses that do not provide a cause for their defect. For other individuals with a known etiology, effective cures are lacking, although their infertility is often bypassed with assisted reproductive technologies (ART), some accompanied by safety or ethical concerns. Certainly, progress in the field of reproduction has been realized in the twenty-first century with advances in the understanding of the regulation of fertility, with the production of over 400 mutant mouse models with a reproductive phenotype and with the promise of regenerative gonadal stem cells. Indeed, the past six years have witnessed a virtual explosion in the identification of gene mutations or polymorphisms that cause or are linked to human infertility. Translation of these findings to the clinic remains slow, however, as do new methods to diagnose and treat infertile couples. Additionally, new approaches to contraception remain elusive. Nevertheless, the basic and clinical advances in the understanding of the molecular controls of reproduction are impressive and will ultimately improve patient care.
Propagation of all vertebrate species requires the interaction of a sperm and an oocyte to form a zygote, the first step in the development of the embryo. The beginnings of the reproductive process, however, are laid down weeks (in mice) to years (in humans) earlier during the development of the germline lineage in the embryo and the formation of the future gonads and genital tracts. Germ cells arise and propagate in an autocrine, paracrine, juxtracrine and endocrine environment that includes factors within the gonads and beyond. It is obvious from mouse and human genetics and microarray technology that coordination of thousands of gene products throughout the body is necessary for reproductive success. Understanding the process is even more complicated than just knowing the functions of genes because of the discovery of thousands of small noncoding RNAs that have roles in mRNA stability, protein translation, protein modification and protection of the germline.
When these highly regulated processes go awry, infertility can occur. Defects in any step required for fertility will profoundly influence a couple's life plan and their vision together for a family. Although the development of ART has allowed otherwise hopelessly infertile couples to experience the joy of parenthood, these technologies also traverse the natural barriers preventing the transmission of genetic defects. Despite the increasing knowledge of the genetic causes of infertility, advances in the diagnosis and treatment of infertility have remained relatively stagnant. This review focuses on the mechanisms directing the development of the reproductive tract and the regulatory controls of each process, from gametogenesis through genital tract transit to fertilization. The goals of this six-year update from our previous review on this topic 1 are to bring the reader from bench to bedside and back again to describe what has been learned about the reproductive process, where there have been both large and small breakthroughs in humans and what technological advances are needed for the future. Because of the breadth of the subject of reproduction, this review will complement but not overlap with the findings presented in our 2002 review 1 and will focus mainly on research highlights achieved in the last six years. Thus, we suggest that the reader first peruse our original review and then refer to the Supplementary Tables 1 and 2 online that accompany this review, which reference the extensive primary literature in which many genetic advances have been made in defining reproduction in humans and mice. In the main text of this review, we will provide a brief background on the reproductive processes and the genes identified in the basic science laboratory, discuss the diagnostic workup of the infertile couple, describe major advances in humans and, finally, discuss areas where more investigation is necessary. We hope that you agree that reproduction and the creation of a baby, whether through in vivo or in vitro means, is an amazingly complex process to behold. developmentally in the fetus, but it shows its major physiological effect postnatally at puberty and in the adult. Rapid advances in understanding this axis occurred because of the development of highly sensitive assays to detect low levels of the gonadotropins, follicle-stimulating hormone (FSH) and luteinizing hormone (LH), which are either absent or barely detectable in hypogonadotropic hypogonadism. Thus, this condition typically suggests defective hypothalamus or pituitary function, whereas hypergonadotropic hypogonadism is often indicative of end-organ failure (that is, ovarian or testicular dysfunction including defects in the gonadotropin receptors). The evolutionary importance of the pathways in this axis for fertility is exemplified by the high concordance of the phenotypes between analogous mutations in mice and humans (for example, mutations in the genes encoding gonadotropin releasing hormone (GnRH) receptor, FSH-β, LH-β, FSH receptor or LH receptor).
Genetic breakthroughs in understanding additional regulators of this axis and the causes of infertility in humans have involved studies of the signaling between the peptide growth factor, kisspeptin (encoded by KISS1) and KISS1 receptor (KISS1R, also known as GPR54) (see ref. 7 and the timeline on page 1196 of this Supplement). Beginning in 2003, their tortuous journey along the hindgut to the genital ridge, and the proliferation and migration of the somatic cells and germ cells in the bipotential gonad are independent of which sex chromosomes the fetus harbors. For example, soon after implantation in the mouse embryo, a bone morphogenetic protein (BMP) pathway induces the proliferation and specification of PGC precursors from which PR domain-containing 1 with ZNF domain (PRDM1; also known as BLIMP1) becomes the first exclusive marker of the PGC lineage 2, 3 . PRDM1 has a multifunctional role in repressing somatic cell gene expression and allowing PGC proliferation and migration. Likewise, many autosomal gene products function in the formation of the bipotential gonad, including Wilms tumor 1 (WT1) and steroidogenic factor 1 (SF1, officially known as NR5A1). The gonad then differentiates along the female or male pathway, and gonadal development, in turn, dictates the development of the secondary sex organs 4 (Fig. 1) .
Once a testis or an ovary begins to form, the developmental processes differ. In the testis cords, the differentiating primordial germ cells that will become spermatogonia are destined to undergo proliferation before entering meiosis and undergoing spermiogenesis. In a normal man, spermatogenesis will continue throughout his lifetime and continue to produce millions of sperm in each ejaculate. In contrast, in the ovary, the primordial follicles represent the maximum number of follicles possible in this organ, with subsequent losses occurring during the time between development, birth and puberty, until they are depleted at menopause. In addition, the processes of mitosis and meiosis vary between the ovary and testis, but they are highly regulated by both endocrine and paracrine factors (reviewed in ref. 1).
The development of the genital tract and secondary sex organs depends upon the occurrence of a testis or an ovary and the presence or absence, respectively, of the sex determining region Y (SRY) gene carried on the Y chromosome. As outlined in Figure 2 , the oviducts, uterus and upper portion of the vagina of the female are derived from their embryonic precursor, the Müllerian duct, whereas the epididymis, vas deferens and seminal vesicles of the male differentiate from the Wolffian duct [4] [5] [6] . The prenatal production of testicular anti-Mullerian hormone (AMH), acting through its receptor AMHR2, induces the regression of the Müllerian duct, whereas testosterone drives the development of these Wolffian duct derivatives. 5-α-reductase has a major role in the metabolism of testosterone to dihydrotestosterone, and this hormone is required for the development of the prostate and male external genitalia. In parallel with the steps of sex determination and differentiation, key developmental and physiological pathways (for example, the gonadotropin and kisspeptin signaling pathways) are being laid down in the hypothalamus and pituitary (Fig. 3) , foreshadowing puberty and, eventually, reproduction, which are crucially controlled by these organs. These developmental and overriding influences allow for highly regulated gene expression at every stage of ovarian folliculogenesis, ovulation, fertilization, implantation and early embryonic development (Fig. 4) . Similarly, genes regulating spermatogonia, spermatocytes and spermatids, as well as testicular somatic cell and spermatozoon function, are numerous and varied. These findings are highlighted throughout this review, and many examples of human genes and pathways are described in Figure 5 and Supplementary Tables 1 and 2 . Neuroendocrine control of reproduction Once the type of gametes, gonads and secondary sex organs has been properly determined, the developing child will be on his or her way to puberty. Indeed, an exciting success story in reproductive physiology and human genetics is the continued identification and characterization of the genes that regulate puberty and gonadal function. The hypothalamic-pituitary-gonadal axis is the major evolutionarily conserved positive-and negative-endocrine feedback system that regulates the production of mature gametes (Fig. 3) . This axis is laid down Simple molecular pathway for sex determination in the mammalian gonads. In SRY-positive bipotential gonads, SRY binds to multiple gonad-specific enhancer elements of the SOX9 promoter to upregulate its expression, along with DAX1 and SF1. SOX9 in turn represses SRY in a negative feedback loop 220 , whereas fibroblast growth factor-9 (FGF9) stabilizes SOX9 expression, as confirmed in FGF9-null XY sex-reversed mice 221 . During testis differentiation, SRY, SOX9 or both also act to downregulate the ovarian pathway by suppressing RSPO1 during a key window in early development. In the absence of SRY, levels of RSPO1 rise and cause increased WNT4 activity and β-catenin (β-Cat) signaling by inhibiting internalization of the WNT co-receptor, low-density lipoprotein receptor-related protein-6 (LRP6; ref. 222) , resulting in an ovary. WNT4 antagonizes the expression of activin B (INHBB) and induces the activin B antagonist, follistatin (FST), theoretically through β-catenin, preventing testis vasculature development 223 . Other male genes downstream of SRY include GATA-binding protein-4 (GATA4), Zinc finger protein, multitype-2 (ZFPM2, also know as FOG2), Wilm's tumor-1 (WT1) and NR0B1 (DAX1), whereas the gonadal target genes of SOX9 include AMH, FGF9, desert hedgehog (DHH), prostaglandin D synthase (PTGDS), and VANIN1 (VNN1) 45 . Solid lines, known effect; dashed lines, postulated effect. Arrows, positive regulation; blunted-end lines, negative regulation.
the granulosa cells into estrogens-hormones needed for the normal function of the ovary, secondary sex organs, the menstrual cycle and a variety of other actions in diverse tissues ranging from brain to bone to the gastrointestinal system. Disruption of these intimate communication pathways blocks the development of fertilizable female gametes. Despite the female reproductive findings in over 100 mutant mouse and sheep models ( Fig. 4 and Supplementary Table 1), the genetic causes of infertility in women with either primary ovarian failure (independent of hypothalamic and pituitary defects) or premature ovarian failure remain largely unknown. With the exception of the transforming growth factor-β (TGF-β) family members, growth differentiation factor-9 (GDF9) and bone morphogenetic protein-15 (BMP15), few proteins have been observed to be defective in women with fertility abnormalities. GDF9 was the first oocyte-secreted protein deemed essential for somatic cell function in mammals 17 . In sheep, mutations in the oocyte proteins GDF9 and BMP15 and one of the BMP receptors, bone morphogenetic protein receptor-1B, result in either increased litter size or sterility, depending on the number of mutant alleles at each locus 18 . In a similar way, mutations in GDF9 were identified in women who produced dizygotic twins 19 . Likewise, several mutations in the X-linked BMP15 gene were identified in women with infertility, including two sisters with mutation p.A180T, which apparently caused a dominantnegative effect 20 , although a follow-up study suggests that this mutation could be a rare variant 21 . Thus, there should be continued caution in overinterpreting mutations without analysis of a larger control population and additional data demonstrating a functional consequence of the mutation in vitro and in vivo. This caveat holds true for many of the genes described in Supplementary Table 2 . Furthermore, because the oocyte is known to secrete many growth factors, mutations in additional signaling pathways (for example, the fibroblast growth factor (FGF) pathway that has been shown by John Eppig and his colleagues to interact with the TGF-β family signaling pathway 22) are likely to be uncovered in women with idiopathic infertility. Whereas the oocyte growth factors GDF9, BMP15 and FGF8 have been shown to signal to the cumulus granulosa cells (the type of granulosa cells that immediately surround the oocyte-see Fig. 4 ), several granulosa cell factors bidirectionally regulate oocyte growth and functions. For example, in addition to the growth pathway signaling of Kit ligand from the granulosa cells to Kit receptor, a transmembrane tyrosine kinase on the surface of the oocyte, G protein-coupled receptors (for example, GPR3 and GPR12) on the oocyte receive important signals from somatic cells that are essential for maintaining meiotic arrest 23, 24 . Likewise, portions of the glycolytic pathways are shared between the oocyte and the granulosa cells, and oocytes regulate the granulosa cell portions of the glycolytic and cholesterol pathways, as well as amino acid transport 22, 25 .
several groups simultaneously either found individuals with mutations in KISS1R 8, 9 or disrupted the Kiss1r or Kiss1 genes in mice [9] [10] [11] [12] . The original KISS1R gene mutations were discovered as part of the workup of families with normosmic idiopathic hypogonadotrophic hypogonadism (IHH). These discoveries occurred a decade after the identification of mutations in the KAL1 gene as the cause of anosmic IHH (Kallmann's syndrome), leading to defects in the migration of neurons that synthesize GnRH and also neurons involved in smell 13, 14 , and five years after the first mutations were discovered in the gene encoding the GnRH receptor in individuals with IHH 15, 16 .
For many years, it was known that the pulsatile delivery of GnRH from the hypothalamus is crucial for the regulation of FSH and LH release from the anterior pituitary (Fig. 3) , but how this process is controlled centrally was an enigma until the identification of KISS1R mutations in patients. The exciting aspects of this work are not so much that KISS1-KISS1R pathway mutations are common (in fact, normosmic IHH is rare) but more that it provides new insights about how kisspeptin signals through its receptor to modulate GnRH release and puberty. Loss-of-function mutations in KISS1R result in downregulation of pulsatile GnRH secretion and infertility, whereas activating mutations in KISS1R prevent desensitization of the KISS1-KISS1R pathway and lead to precocious puberty. This pathway seems to be central to the negative feedback of steroids on GnRH pulsatility and to the initiation of puberty in mammals. Thus, this pathway represents a primary transducer of cues from the internal and external environments that ultimately regulate the neuroendocrine reproductive axis. Furthermore, these studies represent a prime example of how identification of mutations in infertile humans, combined with subsequent validation of the results in mice, have generated profound new insights into the basic biology of fertility. Paracrine regulation of folliculogenesis and oogenesis Similar to the tissue cross talk within the hypothalamic-pituitarygonadal axis, there are important bidirectional paracrine and juxtracrine interactions between the oocyte and the surrounding somatic cells of the ovary (granulosa and thecal cells; Fig. 4 ) that begin upon entry of PGCs into the genital ridge and continue through ovulation. Through paracrine communication pathways and bidirectional transport of small molecules across gap junctions, granulosa cells support the oocyte from primordial follicle formation through ovulation (Fig. 4) Figure 2 Sex differentiation in humans. The presence of a fetal testis that secretes both testosterone (T) and anti-Mullerian hormone (AMH) results in the induction of the Wolffian duct into the future vas deferens, epididymis, and seminal vesicles and the regression of the Müllerian duct, respectively 6 . In females, the fetal ovary does not secrete either of these substances, so the Wolffian duct regresses, whereas the Müllerian duct gives rise to the fallopian tubes (oviducts), uterus and the upper portion of the vagina. Androgens (including testosterone) have a key role in the development of the male genital tract but are not the only signaling pathways involved. For a sperm and oocyte to meet in vivo, millions of spermatozoa leave the seminiferous tubules of the testis to mature in the epididymis before traveling through the vas deferens and urethra to enter the female, where they transverse the vagina, cervix and uterus before typically encountering a single oocyte in one of the fallopian tubes. Surgical contraception involves closing this pathway by removing segments of the two vas deferens (that is, vasectomy) in a man or both fallopian tubes (that is, tubal ligation) in a woman.
Katie Vicari infertility cases in male humans. Beginning with the differentiation of the spermatogonial stem cells, unique structures are formed, including the intercellular bridge (a testisexpressed gene-14-positive channel that is required for clonal linkage of all germ cells) 29 , ribonucleoprotein particles called intermitochondrial cement, and chromatoid bodies (ultrastructurally visible nuage (clouds) where key cellular proteins involved in small RNA biosynthesis reside; see next section). Formation of the acrosome (future sperm 'cap') and flagellum (tail) of the spermatid contribute to the most remarkable structural transformation of any cell in the human body during a process called spermiogenesis. Upon ejaculation, the spermatozoon is endowed with the potential of motility to traverse the female reproductive tract, the sense of 'smell' to search out the lone human cumulus-encased oocyte, and the enzymatic and mechanical machinery to bind and penetrate the cumulus mass and zona pellucida, fuse with the ovum and ultimately complete fertilization.
Consistent with the large number of male germline-specific genes, more male than female mouse models of infertility have been identified (Fig. 5 and Supplementary Table 1 ). Most models were created with knockout and insertional mutagenesis technology. However, the last six years have seen the effective use of phenotype-driven N-ethyl-Nnitrosourea (ENU) mutagenesis screens as part of the reprogenomics 'fertility clinic' at the Jackson Laboratory (http://reproductivegenomics. jax.org/) and the Phenomics program in Australia (http://www.apf.edu. au/index.shtml/). The recently developed 'sleeping beauty' systems, in Once a follicle reaches the multilayer preantral stage, it requires the endocrine actions of the gonadotropins (Fig. 4) . FSH is required for formation of an antrum in the follicle by disrupting the juxtacrine relationship between the more distant and newly formed mural granulosa cells, which comprise the wall of the follicle (Fig. 4) , and the oocyte, allowing development to the preovulatory follicle stage 26 . At this point in folliculogenesis, low levels of LH are needed for the synthesis of androgens by the theca. However, ovulation requires an interplay between endocrine and paracrine signaling pathways and cellular communication between mural granulosa cells (which are LH receptor-positive and are in close proximity to the androgen-producing theca; Fig. 4 ) and cumulus granulosa cells (which are LH receptor-negative and, as described above, remain in close proximity to the oocyte). Whereas the LH endocrine surge triggers ovulation, LH effects are directed at the mural granulosa cells and not the cumulus granulosa cells. However, cumulus expansion (the laying down of an extracellular matrix that includes hyaluronic acid and cumulus cell-derived proteins) occurs in response to the LH surge, whereas, simultaneously, many of these cumulus cell factors can be induced by GDF9 in mural granulosa cells. Marco Conti and his co-workers showed that LH induces mural granulosa cell expression of epidermal growth factor-like factors that subsequently signal to regulate cumulus expansion-related genes in concert with oocyte-secreted growth factors (for example, GDF9 and BMP15) 27 . Not only are the FSH and LH pathways essential for folliculogenesis and ovulation, but recombinant and purified FSH and LH, and their new and old analogs, are necessary parts of the ovulation protocols used in ART clinics worldwide for oocyte retrieval. Obviously, identification of the interplay between endocrine and paracrine pathways has major implications for the ART laboratory that will aid in the pharmacological control of ovulation, as well as of oocyte maturation in vitro. The complexity of male germ cell differentiation Similar to the process in females, formation of a mature male gamete (in this case, a spermatozoon) involves an interplay of endocrine factors within the hypothalamic-pituitary-gonadal axis and of autocrine, paracrine and juxtracrine interactions between the spermatogenic germ cells within the seminiferous tubules and the somatic cells that reside inside (Sertoli cells), between (Leydig and other interstitial cells) and within the wall (myoid cells) of the tubules, as well as of factors in the epididymis, a major maturation site for sperm. The process of spermatogenesis involves the renewal and differentiation of spermatogonial stem cells into rapidly proliferating spermatogonia, meiotic cells (spermatocytes) and haploid cells (round, elongating and elongated spermatids) before release of a spermatozoon into the tubule lumen. An amazingly large number of genes (approximately 1 in 25 of all mammalian genes) are specifically expressed in the male germline 28 , exemplifying the complexity of the spermatogenic process and indicating that mutations in thousands of different genes could cause male infertility. It is likely that this complexity contributes to the large number of unresolved idiopathic (Table 1) . However, spatiotemporal deletions of Dicer in the germline or in female somatic cells confirm key roles of the microRNA pathway in reproduction (Table 1) . Although deletions in specific microRNAs have yet to be uncovered in infertile individuals (possibly because of redundancy functions of many of the microRNAs), as a whole, the microRNA pathways are crucial for general growth and differentiation. These pathways have recently been reported to be altered in human ovarian cancer 34 , the most lethal gynecological malignancy, and testicular germ cell tumors, the most common cancer in young men, as well as cervical cancer and benign and malignant uterine cancers. Although mutations in PIWI homologs have yet to be identified in humans, at least two of them (MILI and MIWI2), through their synthesis of repeat-associated piRNAs, suppress retrotransposon mRNAs. Thus, one could speculate that abnormal PIWI activity in the germline of a man could increase retrotransposon hopping, resulting in offspring that have an increased susceptibility to diseases, including cancer, similar to defects observed in other 'guardians' of the germline.
CONGENITAL HUMAN FERTILITY DEFECTS
Infertility can be caused by defects in the development of the urogenital system and in its function, by genetic defects of the endocrine system, including the hypothalamic-pituitarygonadal axis, and by defects in gametogenesis, erection, ejaculation, gamete function, fertilization or early embryonic development. Secondary or acquired infertility, such as after tubal disease, vasectomy or exposure to gonadotoxins, may occur but is beyond the scope of this review. Below, we focus on molecular advances in several of the most common and clinically important human infertility syndromes.
Defects in sex determination
As we pointed out in the beginning of this review, the initial events ultimately required for later fertility are gonadal determination and differentiation of the sexual characteristics of the developing fetus. Intersex syndromes occur when the phenotypic sex is incongruous with the genotypic sex or when sex determination and differentiation are incomplete or mixed. The intersex developmental disorders (for example, true hermaphroditism involving the presence of both testis and ovarian tissue, variable genitalia, pseudohermaphroditism and gonadal dysgenesis) occur relatively rarely. Intersex conditions may result from chromosomal, gonadal, hormonal or end-organ defects and are described below. These congenital defects present considerable challenges (surgical correction, management and, for some, gender assignment) for physicians, parents and affected individuals. Substantial progress in our understanding of the molecular basis of these disorders (Box 1), as well as of the genes involved in normal genitourinary development ( Fig. 1) , has occurred over the past six years.
One cause of developmental defects are structural and numerical defects (reviewed in ref. 35 ). In the majority of cases, a chromosomally XY baby will be identified as a boy and an XX baby as a girl. Numerical sex chromosome disorders, including Klinefelter's (XXY) and Turner synwhich the transposon 'hops' into mouse and rat loci 30, 31 , will probably create additional models with interesting infertility or cancer phenotypes for understanding reproduction in vivo.
Small noncoding RNAs: slicing and dicing in reproduction
Reproduction is controlled not only by the protein-coding segments of the genome (that is, genes) but also by noncoding regions, including loci that produce small RNAs. First described in Caenorhabditis elegans in 1993, the small RNA pathways have major roles in mammals and in reproductive biology. The number of microRNAs (~22-nucleotide small RNAs that are synthesized from a short hairpin precursor and bind to complementary messenger RNAs to stimulate its degradation or repress its translation) and P element wimpy testis-induced (PIWI)-interacting RNAs (piRNAs; ~27-nucleotide small RNAs generated from long precursor RNAs that have a similar role to microRNAs in the regulation of retrotransposons) have increased to an almost unmanageable level with the discovery of approximately 700 human microRNAs and probably more than 100,000 piRNAs 32 . As mentioned above, the key proteins involved in the biosynthesis of the small RNAs localize to ribonucleoprotein particles, including nuage in male germ cells. This includes the RNase Dicer, which is central to the regulation of gene transcription and translation through its roles in the biogenesis of microRNAs 33 , and the mouse PIWI homologs (Miwi, Mili and Miwi2), which are involved in the processing of the piRNAs. Consistent with the more ubiquitous nature of Dicer and its microRNA end products, the absence of Dicer results in embryonic lethality, whereas the absence of the germlinespecific PIWI family members leads only to male spermatogenic arrest The hypothalamus, which has a number of nuclei and pathways that affect reproductive behavior, secretes a key decapeptide, GnRH, that binds to its receptor, GnRHR, on the gonadotropes and is involved in induction of sexual maturity through its regulation of the synthesis and secretion of the pituitary gonadotropins FSH and LH. Kisspeptin (KISS1), secreted from neurons whose cell bodies are located in the anteroventral periventricular (AVPV) and arcuate (ARC) nuclei of the hypothalamus, signals through its receptor (KISSR1) to regulate pulsatile secretion of GnRH from additional hypothalamic neurons and thus affects the pathway at a higher level. FSH and LH have key roles on the gonads in both sexes, being involved in folliculogenesis, ovulation and steroidogenesis in females while functioning in gonadal growth, steroidogenesis and spermatogenesis in males. During pregnancy, human chorionic gonadotropin (hCG) production from the early placenta takes over the role of LH, stimulating the ovarian corpus luteum to produce progesterone, which, in turn, stimulates the uterus and maintains pregnancy. Equally important are a number of peptide (for example, inhibin (INH)) and steroidogenic (that is, estradiol and testosterone) feedback systems from the gonads to the pituitary and hypothalamus. Multiple mutations in this axis have been identified in humans and mice (Supplementary Tables 1 and 2).
Katie Vicari receptor co-repressor that inhibits glucocorticoid receptor transactivation. It acts early in human testis determination, as its dysregulation via either a duplication of the Xp21 region encompassing the NR0B1 gene or a large deletion upstream of NR0B1 leads to 46XY male-to-female sex reversal 41, 42 .
Initially, it was believed that ovarian development occurred via a default pathway in the absence of testis formation. However, it is now obvious that a cascade of protein signaling networks cause the ovary to play an active part in its development, whereas SRY and SOX9 are intimately involved in suppression of this ovarian pathway through inhibition of the Wnt-β-catenin pathway 43 , consistent with the previous hypothesis of McElreavey 44 . The R-spondins are a group of four homologous proteins that affect the WNT4 signaling pathway. The first of these R-spondin proteins, RSPO1, is expressed in ovarian somatic cells and regulates a WNT4 signaling pathway that is crucial for stabilization of nuclear β-catenin activity and ovarian determination 45, 46 (Fig. 1) . A major piece of the ovarian determination puzzle came in humans, where loss of RSPO1 causes 46XX female-to-male sex reversal and differentiated Sertoli and Leydig cells despite the absence of SRY 47 . In contrast, a 46XY individual with duplication of the region of chromosome 1 encompassing the RSPO1 and WNT4 genes had male-to-female sex reversal 48 . Absence of RSPO1 or WNT4 in XX mice causes female-to-male sex reversal, whereas stabilization of β-catenin causes XY mice to develop male-to-female sex reversal, confirming their roles in this pathway [49] [50] [51] . Thus, multiple genes have active roles in both ovarian and testis determination. Despite the improved understanding of this developmental pathway, pharmacologic manipulation of this pathway to correct these defects in humans does not seem feasible in the near future, and, thus, the major treatment for intersex remains surgery (with possible controversial gender reassignment). Defects in the development of the genital tract Hormonal, gonadal and end-organ defects can be associated with absent or incomplete virilization in males and masculinization in females. Alfred Jost's original experiments conducted over 50 years ago 52 indicated that under normal conditions, gonadal sex controls testis formation, which, in turn, controls the outcome of the secondary sex organs (Fig. 2) . Incomplete masculinization due to a range of endocrine and steroid receptor defects can cause virilization failure (male pseudohermaphrodism) leading to a spectrum of female-to-male phenotypes depending upon the point of cessation of virilization. Consistent with Jost's studies, humans and animals with defects in steroid hormone biosynthesis and signaling (for example, in the androgen receptor 52 ) and the AMH signaling pathway (for example, AMH, AMH type 2 receptor gene, the type 1 receptor BMPR1A, and downstream SMAD transcription factors) have been described (reviewed in refs. 1 and 53). Hundreds of androgen receptor mutations in humans are now known, generally located in clusters within the functional domains of the receptor (see http://androgendb.mcgill.ca/ for details). Androgen insensitivity syndrome represents a spectrum of X-linked disorders in which the complete form of the syndrome causes genotypic males to have female external genitalia, breast development and a blind-ending vagina, despite the presence of abdominal or inguinal testes, owing to mutations of the androgen receptor causing a complete loss of function. In partial androgen insensitivity syndrome, the degrees of virilization vary, resulting in hypospadias, micropenis and gynecomastia (Reifenstein syndrome). The testes are usually removed before puberty because cryptorchidism (failure of testicular descent, from the Greek meaning 'hidden testis') is associated with a marked risk of cancer development. Conversely, exposure to exogenous androgens can cause masculinization of females (that is, female pseudohermaphroditism) 35 .
Other congenital disorders occur because of abnormal genitourinary tract development. The most common developmental defect in boys is dromes (XO), occur relatively frequently. Less commonly, mosaic conditions (45X0/46XY) may be present and cause gonadal dysgenesis.
Other infertility states occur at an early stage of development beginning with the initial steps of gonadal development and sex determination. Herein are four other examples of congenital defects, which we are highlighting either because they occur frequently or because recent studies have begun to uncover the molecular basis for the developmental abnormalities. We begin with other conditions affecting sex differentiation followed by conditions affecting genital tract development.
Defects in sex differentiation
Aberrant sex determination has an important role in the etiology of intersex, beginning with the proper development of the testis or ovary from the genital ridge. The major gene implicated in human sex reversal cases is SRY, the Y chromosome male-determining gene 36, 37 . The presence or absence of SRY expression in the pre-Sertoli cell permits differentiation of the germ cell-rich indifferent gonad along a male (testis; SRY-positive) or female (ovary; SRY-negative) pathway via a complicated cascade of events (Fig. 1) . Translocations of SRY (usually to the X chromosome during unequal chromosome exchange at the time of crossing over during paternal meiosis) cause XX individuals to be male, and mutations of SRY cause XY individuals to be female 36 . However, the genes downstream of SRY action in sex determination are encoded by autosomes, including the major target sex-determining region Y box 9 (SOX9). Proof for the key role of SOX9 in humans came from the discovery that, in certain populations, haploinsufficiency of SOX9 causes XY male-to-female sex reversal 38, 39 , whereas activating mutations of SOX9 result in XX female-to-male sex reversal 40 . Nuclear receptor subfamily 0, group B, member 1 (NR0B1, also known as DAX1) is an orphan nuclear 1202 volume 14 | number 11 | november 2008 nature medicine r e v i e w the amount of CFTR protein. The first polymorphism, a repeat length variant (the 5T allele), is located at the splice acceptor site of exon 8 (ref. 62) . A second polymorphism, consisting of repetition of nine to thirteen nucleotides located at the 3′ end of human CFTR intron 8, affects splicing, increasing the proportion of exon 9-deleted mRNAs. The 5T allele in individuals with CBAVD is most often associated with the latter variants, termed TG12 or TG13 (refs. 63,64) . The combination of these polymorphisms acts like a rheostat to reduce the amount of CFTR protein synthesized. The molecular basis of CBAVD has a marked impact on ART; for couples in which the father has CBAVD, it is crucial to determine at a minimum whether the female partner is a carrier of a CFTR mutation, because their children will be at increased risk for transmitting CBAVD and infertility to their male offspring or cystic fibrosis to both male and female offspring. Reproductive tract defects are also found in women, but they are less commonly studied in the basic research laboratory. These defects include congenital malformations of the uterus (for example, uterine agenesis, unicornuate uterus, double uterus, bicornuate uterus and complete septate uterus) as well as other Müllerian duct malformations 65 . Anatomic cervical abnormalities can affect natural fecundity 66 , in part through abnormal cervical mucus production. The genetic bases of many of these common defects of the female genital tract are still not fully understood.
cryptorchidism, whereas hypospadias is the second most common, in which the urethra opens at an abnormal site along the penis. These congenital birth defects occur in 1-4% of male newborns. The etiology of cryptorchidism is multifactorial (Boxes 1 and 2) . During development, the first phase of testicular descent occurs when the abdominal testis descends to the inguinal ring. The second phase, movement into the scrotum, is generally thought to be androgen regulated and is affected by defects in steroid hormone biosynthesis, metabolism and receptor action. Alternatively, the abdominal phase of descent is now known to be at least partially regulated by signaling of insulin-like 3 (INSL3) through relaxin/insulin-like family peptide receptor 2 (RXFP2) in the gubernaculum [54] [55] [56] [57] . Although mutations in INSL3 or RXFP2 are found in some individuals with cryptorchidism, these mutations are relatively rare (reviewed in ref. 58 ; Box 1).
Another well recognized cause of infertility in men is congenital bilateral absence of the vas deferens (CBAVD), resulting in primary obstructive azoospermia. Unlike the multigenic nature of cryptorchidism, most cases of CBAVD are due to mutations in a single gene. Mutation of the cystic fibrosis transmembrane conductance regulator (CFTR) gene mainly results in two autosomal recessive genetic disorders, cystic fibrosis and CBAVD. About 50% of individuals with CBAVD have one common CFTR heterozygous mutation (DF508) that affects protein folding. However, it is now obvious that polymorphisms in the introns of the second allele are commonly found in CBAVD cases [59] [60] [61] Figure 4 Genetic dissection of female fertility pathways in mice. An update of the figure from our review six years ago 1 shows a marked increase in the gene products that have key roles at various states of ovarian folliculogenesis and after ovulation (the newly identified genes since the last review are in blue).
Women have a pool of resting oocytes in the form of primordial follicles. Once these follicles are depleted, a woman can no longer have children naturally. Several master oocyte-specific transcriptional regulators interact to control primordial follicle formation and follicle maintenance and recruitment into the growing pool, as indicated. At later steps in folliculogenesis and through ovulation, paracrine factors (for example, KIT ligand, GDF9 and BMP15), autocrine factors (for example, activins and inhibins) and endocrine hormones (for example, FSH, LH, estradiol and progesterone) play key parts. After ovulation, proteins of the zona pellucida and oocyte maternal factors permit proper fertilization and the substantial changes in gene expression necessary for early embryogenesis. Ovarian prostaglandins and steroids are also essential to initiate a cascade of events in the uterus that readies it for implantation of a healthy embryo. Multiple proteins and factors are required for placentation and maternal behavior.
thelial cancers. Similarly, the causes of benign conditions such as uterine fibroids, endometriosis and polycystic ovarian syndrome (PCOS), which cause substantial morbidity and infertility in a large number of women of child-bearing age, are genetically intractable at this time, making screening tests difficult. However, genetic models are being created to increase understanding of these diseases. A major advance in uterine (and periovulatory ovarian) biology is the creation of mice that efficiently express the Cre recombinase in the endometrium of the uterus 69 . Transgenic mice with a Cre knock-in into the progesterone receptor locus deletes floxed alleles in progesteroneresponsive tissues, including more widespread ablation of genes in the uterine epithelium, stroma and myometrium as the mice mature. These progesterone receptor-Cre mice helped to define essential roles of BMP2, chicken ovalbumin upstream promoter transcription factor II, steroid receptor coactivator 2 (SRC2), PTEN and mitogen-inducible gene-6 in uterine biology and cancer and the ovulatory function of peroxisome proliferator-activated receptor-γ. Advanced knowledge of these pathways may aid in diagnosis and treatment of implantation failure in women. It is likely that these studies and additional advances in understanding uterine stem cells will help in the recreation of uteri (artificial wombs) in women, as has been done for vaginal reconstruction in rabbits 70 .
The presence of ectopic endometriotic tissue, or endometriosis, affects 10% of women and is hypothesized to originate from retrograde sloughing of the uterine lining during menses. Although large cohorts of families throughout the world have been assembled to identify causal genes, and linkages to chromosomes 7 and 10 have been shown, mutations in candidate genes do not show an association 71 . Nevertheless, mouse models of endometriosis have been created by activating an oncogenic form of KRAS or inactivating the tumor suppressor phosphatase and tensin homolog (Pten) in either the oviduct or uterus 72, 73 . Consistent with an increased risk of ovarian cancer in women with endometriosis, mice with both of these genetic changes develop and die from uterine endometrial ovarian cancer. Using a conditional knockout approach, postnatal deletion of the Pten gene in the uterus leads to invasive endometrial cancer at an early age in the mouse 74 . These are the first studies to genetically engineer mice that closely model endometriosis and uterine cancer in women.
Like endometriosis, PCOS has been the subject of family studies attempting to identify genetic susceptibility loci 75 ; one was mapped to chromosome 19p13.2 and linked to the dinucleotide repeat marker, D19S884. In particular, D19S884 allele 8, located in intron 55 of the gene encoding fibrillin-3, shows the strongest association with PCOS and markers of insulin resistance and pancreatic β-cell dysfunction, two conditions commonly associated with PCOS 76 . Although, as with endometriosis, specific mutated genes in this region of chromosome 19 remain unknown, this study is an important advance in linking a particular allelic variant with both the polycystic ovarian phenotype and glucose metabolism defects. It is unclear whether a genetically tractable model that recapitulates PCOS can be created, given that humans are usually monoovulatory, whereas mice are polyovulatory.
Diagnosis of female endocrine disorders affecting ovulation and structural defects of the female genital tract are routine; however, assessment of the genetic basis for some of the common female infertility syndromes presents diagnostic challenges. From the discussion above, it should be clear that there is a serious need for focused studies of the genetic causes of female infertility (including chromosomal defects and specific gene mutations in areas including, and in addition to, PCOS and endometriosis) and translation of these findings to improve clinical diagnosis and treatment of the infertile woman.
Diagnosis of male infertility
In many fertility clinics today, clinical evaluation of the male may be superficial and limited to an assessment of the presence or absence of DIAGNOSIS AND TREATMENT An overriding goal of translational research is to define specific defective pathways in disease and to use this information to improve clinical diagnosis and treatment. Nevertheless, as is obvious in the work described so far, for the field of human infertility (with a few exceptions), the translation from basic mechanisms to clinical care has been slow. Nevertheless, important clues uncovered in animal models have begun to reveal a molecular understanding of the underpinnings of human infertility and thus provide potential therapeutic, or contraceptive, targets to manipulate fertility pathways. Currently, though, the challenges for specialists in reproductive medicine are considerable. In many instances, despite the remarkable advances in the understanding of the complexity of sex determination, differentiation, gametogenesis, gamete function and fertilization in animal models, the reproductive defects seen daily in clinics are often not the focus of basic research. Surgery and endocrine manipulation, in some cases with gender reassignment, are the main treatments for the developmental reproductive defects. Likewise, the ticking of the female biological clock and premature menopause have resulted in unplanned infertility for otherwise fertile couples. Problems such as endometriosis, polycystic ovarian disease, recurrent pregnancy loss, ovulatory defects, sperm deficiencies (count, motility, morphology and function), fertilization failure, embryo loss and implantation defects are poorly understood, although research is slowly progressing. Frequently, their diagnoses are either descriptive (without a mechanistic basis) or unknown (idiopathic), and their treatment involves ART. Nevertheless, we will show what molecular advances in human reproductive biology and medicine are occurring that have the ultimate potential to affect these current challenges and improve patient outcomes.
Diagnosis of female infertility
Although taking a history and performing a physical examination remain an important component of the evaluation of infertile couples, specific diagnostic tests provide key insights into the nature of the infertility. Assessment of tubal patency with transvaginal ultrasound imaging of the uterus and fallopian tubes can accurately detect some pelvic pathology 67 . In addition to the birth defects described above, uterine abnormalities such as polyps and fibroids can be found in both fertile and infertile women. Other conditions, such as adenomyosis, are more difficult to diagnose by ultrasound and may require pathologic diagnosis. Ovulatory defects can be substantial. Only the final phase of folliculogenesis is hormone dependent, and during a woman's lifetime only 300-400 follicles will undergo ovulation (reviewed in ref. 66 ). Yet ovulatory defects represent a key female reproductive deficiency. Hormone measurements provide useful approaches to assess ovulation, although (with the exception of measurement of LH) such information is retrospective. Similarly, ovarian reserve assessments made on the basis of endocrine measurements or response to hormonal challenges (such as clomiphene citrate) are sometimes used in combination with ultrasound ovarian measurements 66 before initiating an ART cycle.
Chromosome defects are not always considered in the evaluation of the infertile female, yet in a group of 1,012 women who were candidates for intracytoplasmic sperm injection (ICSI), 4.84% of women showed numerical and structural chromosome defects, with sex chromosome defects being the most common (2.77%) 68 . Interestingly, despite this increased frequency of occurrence of chromosome anomalies, infertile women are not routinely evaluated with a karyotype analysis. Nevertheless, there are other diseases of the female reproductive tract in which genetic studies are slowly beginning to make inroads. Cancers of the female tract are a major cause of morbidity and mortality. Although yearly analyses of the cervix with Pap smears are used to detect early curable carcinoma in situ and cervical cancer, there are no still no specific and sensitive genetic or diagnostic tests for the detection of uterine endometrial or ovarian epi-asthenozoopsermia. Mutations in the genes encoding dyneins, DNAI1, DNAH5 and DNAH11, and in the gene encoding tektin-1 (TEKT1, an alphahelical protein required for flagella assembly), which all localize to the axonemal outer dynein arms, were found in a small group of men with asthenozoospermia 87, 88 .
Other clues to the regulation of sperm motility come from the studies of the plasma membrane ion channels that regulate intracellular calcium channels and potassium currents in sperm. Four cation channel of sperm (CatSper) genes are known that have homology to the voltage-gated Ca 2+ -selective channels [89] [90] [91] [92] . Targeted deletion of any of these four genes in the mouse leads to male infertility or immotile sperm with no other apparent phenotypic difference [93] [94] [95] . In humans, reduction of CatSper protein and expression levels is reported in immotile or less motile sperm 89, 96 . Other ion channel proteins and associated proteins of note include a Na + /H + exchanger, which, together with soluble adenyl cyclase, regulates bicarbonate concentrations to control sperm motility 97 . Because the functions sperm in the ejaculate before advancing to treatment with an assisted reproductive technology (these are discussed in a later section). There are many well recognized causes of male infertility in humans for which the molecular basis is just beginning to be understood 77 . The mouse models (Fig. 5 and Supplementary  Table 1) have not only identified hundreds of proven candidate male infertility associated genes, but also placed these gene products into infertility categories. Increasingly, genetic defects have been identified in infertile men, as well (Box 2). However, in the absence of a rigorous clinical evaluation, these etiologies may go undiagnosed. The majority of endocrine disorders are relatively simple to diagnose and treat because of the availability of tests to diagnose endocrine defects (although the molecular basis is not always defined). As mentioned above, the cornerstone of diagnosis for males is the routine semen analysis 78 in which sperm concentration, motility, morphology and the presence of other cells (spermatogenic and white blood cells) are assessed, as well as indicators of the patency and function of the genital tract (volume, liquefaction time, pH and fructose presence or absence). This analysis, however, is not a test of fertility potential and indicates infertility only in the case of azoospermia (absence of sperm in the ejaculate; nonobstructive and obstructive).
The routine semen analysis evaluates the ejaculate for abnormalities of sperm number, morphology and motility. Sperm motility defects, termed asthenozoospermia, are commonly observed. Mouse models showing asthenozoospermia have provided clues concerning the potential gene defects in humans (Fig. 5) . In the flagellum, the fibrous sheath surrounds the axoneme and outer dense fibers, functioning not only structurally during flagellar beating but also as a scaffold for the glycolytic machinery necessary to generate the energy necessary for sperm motility 79 . Proteomic analysis of mouse and human sperm from normal individuals and individuals with asthenozoospermia identified known proteins as well as unexpected proteins in the flagellum 80, 81 . Among the proteins identified in the fibrous sheath is A kinase anchor protein-4 (AKAP4), an anchoring cyclic AMP-dependent protein kinase, as well as several of the glycolytic enzymes 82 . Nearly 30 years ago, Chemes et al. 83 identified dysplasia of the fibrous sheath as an ultrastructural defect causing sterility due to immotility. Gene deletions of AKAP4 and partial deletions of AKAP3 and AKAP4 have been discovered in individuals with dysplasia of the fibrous sheath 84 , although these mutations are rare (Supplementary Table 2) .
Consistent with a multifactorial etiology of male infertility, axonemal and outer dense fiber defects can be found in individuals with asthenozoospermia resulting from ciliapathies, such as primary ciliary dyskinesia and Kartagener's syndrome. Although about half of the individuals with Kartagener's syndrome have mutations in dynein genes (predominantly DNAH11) 85, 86 , the prevalence of mutations in genes encoding proteins in the axonemal dynein cluster is not known in men with nonsyndromic nature medicine volume 14 | number 11 | november 2008 1205 r e v i e w 
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Figure 5 Mouse models of male reproductive defects provide new insights into the causes of male infertility. This figure, updated from Matzuk and Lamb 1 , reveals the genes known today that influence testicular and sperm function in the mouse. The genes highlighted in ref. 1 are in black, with new genes identified since then and others not shown previously in blue. Communication between each cellular compartment within the testis (seminiferous tubules, interstitial cells and blood vessels, as well as between individual cell types (germ cells, Sertoli cells, peritubular myoid cells, Leydig cells and macrophages)) play essential parts in mitosis, meiosis and differentiated function. It is noteworthy that the genes fall into specific categories of function, such as those involved in signal transduction, homologous recombination or energy production. Gene targeting in the mouse models has provided new insights into potential etiologies of male infertility (see Supplementary Table 2 ). OT; oligoteratozoospermia; OAT, oligoasthenoteratozoospermia; Morph., morphology defects; Mot., motility defects.
fidelity of the Y chromosome 109, 110 . However, if amplicons in different repeats recombine, losses of the intervening regions can result in azoospermia. Clinical assessment of Y chromosome microdeletions provides prognostic information for individuals concerned about transmission to the male offspring. Importantly, an AZFa, AZFb or AZFb/c microdeletion predicts little chance of successful sperm retrieval by testicular sperm extraction for use in intracytoplasmic sperm injection (ICSI) 111 . Thus, a Y chromosome microdeletion test can provide important prognostic information for a couple planning to undergo ICSI in which the male has nonobstructive azoospermia.
Diagnosis of meiotic defects in infertile couples
In addition to somatic defects affecting fertility, meiotic recombination errors are a cause of human infertility and aneuploidy. Mutations that reduce or abolish recombination are associated with meiotic arrest, abnormal chromosomal segregation and increased nondisjunction. Recombination processes are evolutionarily conserved. Reduced recombination is correlated with all trisomic conditions, including Down's syndrome (trisomy 21), Edward's syndrome (trisomy 18), Patu's syndrome (trisomy 13) 112 , nonobstructive azoospermia 113 and male infertility due to sperm aneuploidy 114, 115 . Most aneuploidy occurs during maternal meiosis I, with advanced maternal age being a known risk factor (reviewed in ref. 116 ). The second most important risk factor is diminished recombination during meiosis 117 . The temporal controls of recombination differ by gender 116 , and recombination rates can even vary between ova. Because meiosis in women is difficult to study, as it mostly occurs in utero and during initial events of fertilization, human aneuploidy studies have focused on spermatogenesis. Moosani et al. 118 first reported sperm aneuploidy in infertile men with a normal somatic karyotype resulting from defective meiosis during spermatogenesis. Despite studies showing that infertile men have an increased incidence of aneuploid sperm (reviewed in ref. 119) , the problem of sperm aneuploidy has been largely ignored in the evaluation of infertile couples. Sperm aneuploidy may account, in part, for the increased rate of sex chromosome defects in children conceived by ICSI, the higher rate of pregnancy loss after testicular sperm extraction with ICSI for treatment of nonobstructive azoospermia and recurrent pregnancy loss in some couples with unexplained infertility 120 . Aneuploid ova or embryos may also underlie recurrent pregnancy loss.
In model systems such as mice, the molecular defects leading to aneuploidy have been revealed, including the identification of numerous meiotic gene mutations (Figs. 2 and 5 and Supplementary Table 1 ) and thus the role for these proteins in meiotic synapse, recombination, repair and the RNA interference pathway. Evidence for a role of these proteins in meiotic chromosome segregation was suggested with the hypomorph mutation mouse models of Mre1l and Nbs1 that showed defects in DNA repair, synapsis and crossing over during meiosis, with a sex-dependent effect on recombination levels 121 . Similarly, hypomorphic variants of recombination proteins RAD51C (ref. 122 ) and DMC1 (ref. 123) , result in sexually dimorphic defects in meiotic recombination. These gender-specific variations may help explain the different rates of aneuploidy observed in oogenesis and spermatogenesis. Hopefully, these findings will translate to the clinic and become an active area of research in humans.
Age-related aneuploidy in human females is hypothesized to result from weakening of cohesion with premature separation of sister chromatids 124, 125 . Targeted deletion of the cohesin gene structural maintenance of chromosomes-1β (Smc1b) results in male infertility due to meiotic arrest and ovarian failure presumably due to massive aneuploidy, as well as oocyte depletion increased with age 126 . Components of the spindle assembly checkpoint that show age-related reduction in expression include those genetic defects causing mitochondrial dysfunction and those involved in meiotic spindle morphology, motor tile couples 99, 100 . Some commonly identified morphology defects show a genetic basis. Because of the unique proteins that are involved in the completion of meiosis and in forming and shaping the sperm head and acrosome, additional mutations have been determined that cause defects in these structures. Polyploid sperm with large heads and multiple flagella arising from defective cytokinesis during meiosis are caused by a homozygous mutation in the aurora kinase C (AURKC) gene 101 . Similarly, a homozygous mutation in spermatogenesis-associated-16 (SPATA16) is associated with globozoospermia, although other men with complete or partial globozoospermia fail to show similar mutations 102 , again highlighting the difficulty in identifying genetic mutations in male infertility, owing to the multifactorial etiologies. These studies indicate the need for more global genetic screening tests for defects in candidate infertility-associated genes on the basis of findings in men, mice and other species.
Azoospermia can be defined by testicular histology, which may show a Sertoli cell-only phenotype, maturation or meiotic arrest, hypospermatogenesis (low cellularity with all cell types present) or normal but obstructed spermatogenesis 103 . In addition to defects in the complex regulatory events that occur during sperm production, problems with transit through the male and female genital tract, erection, ejaculation, capacitation, cumulus, zona pellucida or ova penetration, and fertilization may cause infertility. The molecular bases of these pathologies include defects in genes required for hormone action, cell proliferation, apoptosis, DNA repair, recombination, chromatin remodeling, cell differentiation, ion channels, motility, cell-cell interactions and function (reviewed in ref. 1; Box 2 and Supplementary Table 2 ). It is obvious that male infertility can result not only from spermatogenesis and sperm function-specific genetic defects but also from defects affecting more basic cellular functions required for mitosis, meiosis and normal differentiated functions of cells that ultimately affect spermatogenesis, as well.
Below, we discuss several genetic diagnostic approaches (which have changed little over the past six years) currently used in the clinical evaluation of male infertility. In particular, the karyotype remains the gold standard for genetic evaluation. Even with this superficial assessment of genetic information, nearly 12% of infertile couples will have a numerical or structural chromosome abnormality, with about 6% of all male infertility associated with numerical or structural chromosome defects visible on a karyotype 68 . Klinefelter's syndrome (XXY), a numerical chromosome defect, is common and accounts for nearly 14% of all nonobstructive azoospermia 104 . A modification of this approach, the molecular karyotype (comparative genomic hybridization array) is in the early stages of development for the diagnosis of structural chromosome defects too small to be seen by routine karyotype. Cheung et al. 105, 106 used this approach to rule out Klinefelter's syndrome in a phenotypic male with a karyotype of 46, X, der(X)t(X;Y)p22.33;p11.2 and to diagnose Klinefelter's in another child with developmental delay and dysmorphic features 105, 106 . Comparative genomic hybridization microarray technology can be used today and offers the promise of identification of other unrecognized structural chromosome defects associated with infertility, especially during ART preimplantation genetic diagnosis (PGD) testing and other fetal pregnancy testing procedures.
Y chromosome microdeletion testing of both severely oligozoospermic and nonobstructive azoospermic men has also become routine. Deletions within the azoospermia factor (AZF) region of the Y chromosome, which encodes genes required for spermatogenesis (deleted in azoospermia 1 (DAZ1) was the first gene identified) and is divided into subregions called AZFa, AZFb or AZFc, occur in about 8-12% of men with nonobstructive azoospermia 107 . David Page's laboratory has defined the mechanism of these deletions [108] [109] [110] . Amplicons of sequence similarity within eight unevenly spaced palindromic sequences along the Yq region are prone to recombination and are thought to maintain the r e v i e w conceived by ICSI (Y chromosome microdeletions 135 , Robertsonian translocation 157 , translocations 158 , inversion 159 , ring chromosome 160 , renal agenesis and malformations 161 , diandric triploidy resulting from fertilization with diploid sperm (69XXY) 162 21 (refs. 165,166) ), chromosome anomalies 167 and birth defects in general 155 -it is noteworthy that these are just a few examples with some of the early publications). Thus, although the genetic causes of human male infertility and transmission of defective genetic traits remain concerns for urologists treating infertile men with ICSI, the ability to diagnose these defects is limited today. For this reason, infertile couples where the male has a severe spermatogenic defect are advised to undergo genetic counseling before the use of ART.
PGD, developed to screen embryos for the presence of genetic disease, allows for the selection of specific embryos for transfer 168 . Although the PGD procedure is normally used to eliminate the risk of genetic disease transmission, there are concerns that it might be used to develop designer babies or to select the gender of offspring 169 . Couples have also used PGD to select healthy 'savior' embryos for transfer of human leukocyte antigenmatched cord blood or stem cells to siblings afflicted with genetic syndromes such as Fanconi anemia 170 .
In humans, the three major outcomes of ART are no pregnancy, a single pregnancy and a multiple birth pregnancy. Multiple gestations (whether twins, triplets or higher multiples) are associated with high healthcare costs and considerable morbidity and mortality for both the newborns (often premature) and the mother, as well as with additional unexpected financial stress on the parents (reviewed in ref. 155 ). To reduce these adverse sequelae of ART, reproductive societies and countries have adopted guidelines to promote single-embryo transfers, especially in women younger than 35 years old 171 .
If single embryos are to be transferred, it is necessary to choose an embryo that has the best overall chance to develop to term. From the early days of ART through today, the morphology and rate of division of early cleavage-stage embryos is one criterion for choice of embryo 172 ; however, this process is subjective and does not give a consistent outcome, indicating that genomic, proteomic and metabolomic tools must be developed and used to choose the true best embryo. Analysis of the 'secretome' (that is, proteins secreted by the embryo 173 ) or 'metabolome' (that is, metabolite utilization or production 172 ) may also be viable options in the future.
Recent data suggest that blastocyst transfers are more advantageous than transfer of cleavage-stage embryos 174 , and, in parallel with the development of more optimal conditions for embryo culture, it is possible to biopsy the trophectoderm cells of the blastocyst as a safe, minimally invasive method to perform prenatal genetic diagnosis 175 . Along with the success of embryo vitrification, this approach may cause a paradigm shift (especially in women prone to miscarriages) to first genetically define an embryo before transfer in a subsequent (hormonally appropriate) cycle. New, more sensitive genome-wide screening technologies such as single nucleotide polymorphism (SNP)-based array technologies, or comparative genomic hybridization-based technologies as discussed above for determining male infertility, also are likely to replace outdated prenatal genetic diagnosis methodologies in the analysis of early embryos.
THE FUTURE OF REPRODUCTIVE BIOLOGY RESEARCH
The future holds great promise for substantial research advances in the field of reproductive biology and medicine. The past six years have witnessed an exponential increase in publications defining new pathways regulating male and female reproductive function, defining previously unrecognized genetic causes of infertility and revealing the astounding potential of gonadal stem cells in regenerative medicine as well as in diverse areas such as gene therapy and preservation of fertility. However, research in the US focused on human reproduction has been hindered protein activity or regulation of the sequence of meiotic events 127 . In short, defective gene products essential for control of spindle formation, chromosome cohesion and chromosome segregation in meiosis may induce aneuploidy in germ cells. Importantly, although aneuploidy is rarely assessed by clinicians, it can be detected in human sperm by a simple fluorescence in situ hybridization assay 119 . Unfortunately, methods are not available for the routine assessment of oocyte or embryo aneuploidy outside of specialized ART laboratories. Sperm aneuploidy rates are increased in some couples with recurrent pregnancy loss and unexplained infertility, as well as in men with oligoasthenoteratozoospermia. Knowledge of these defects can help couples with reproductive decision-making. Treatment: thirty years of ART The major goal of ART is to produce healthy, viable offspring. The birth of the first 'test-tube baby' , Louise Brown, in 1978 was a landmark advance for reproductive medicine, setting the stage for a new area of medicine 128 . ART requires motile spermatozoa for IVF of the oocyte. IVF was relatively ineffective for couples who are infertile owing to defects in the male until the advent of ICSI in 1992 (ref. 129) . ICSI uses 'defective' gametes to achieve fertilization and hopefully a pregnancy for infertile couples. The procedure was first developed to use ejaculated sperm, but sperm surgically retrieved from the epididymis or testis are commonly used in ICSI today 130, 131 . Even men with Sertoli cell-only pathology (seminiferous tubules lacking any germ cells or evidence of spermatogenesis) may have rare foci of sperm that are used for ICSI. Today, ICSI and IVF are common procedures, with over 1 million babies conceived worldwide. In 2003, 4% of the babies in Scandinavia and nearly 2% of children born in France were conceived with ICSI 132 . Once fertilization occurs, the oocyte must be capable of completing meiosis. Sophisticated culture media have been developed over several decades to allow fertilized eggs to develop into either cleavage-stage embryos or blastocysts that then can be transferred to the female reproductive tract. For many couples, ICSI and IVF are attempted with only a superficial understanding of the causes of the infertility and with the belief that nature will allow the conception of a relatively healthy embryo. Indeed, ICSI and IVF have resulted in the birth of apparently healthy babies for many otherwise infertile couples.
ICSI has been used to achieve pregnancies in women with male partners with known genetic defects (for example, Klinefelter's syndrome 133, 134 , structural chromosome defects including Y chromosome microdeletions and translocations 135, 136 , isolated gene defects 137 , globozoospermia (round-headed sperm) 138 , Huntington's syndrome and other triplet repeat diseases 139, 140 , Charcot-Marie-Tooth disorder [141] [142] [143] , bladder exstrophy [144] [145] [146] , CBAVD 131, 147 , congenital unilateral absence of the vas deferens 148 , immotile cilia and Kartagener's syndrome [149] [150] [151] [152] , cryptorchidism 153 and familial adenomatous polyposis coli 154 ). However, questions about the safety of ART persist 30 years after the first IVF-mediated birth and 16 years after the start of ICSI. Research so far has provided an incomplete and controversial picture of the risks associated with ART (reviewed in ref. 155 ) and suggests that ICSI-conceived children are at increased risk of congenital defects (genitourinary defects, in particular), sex chromosome defects, multiple gestation and its sequelae and a low but increased risk of epigenetic syndromes. Some studies suggest that there is developmental delay and impaired neurologic status in children conceived by ICSI or IVF (reviewed in ref. 155) . Such studies are controversial, and their interpretation is complicated because of changes resulting from multiple gestation and preterm delivery. Because the oldest child conceived by ICSI is still only a teenager, long-term studies are lacking. Some children will be infertile like their parents. For example, Y chromosome microdeletions present in the father will be inherited by the male offspring 156 . Not surprisingly, paternally transmitted genetic defects have been observed in offspring cancer treatment cannot produce an ejaculate for cryopreservation. Theoretically, a patient could undergo testis biopsy before toxic exposure, with subsequent spermatogonial stem cell isolation and cryopreservation. Germ cell transplantation after recovery to restore spermatogenesis may provide a very useful approach to preservation of fertility for such patients with cancer.
Although spermatogonial stem cell technology was expected to quickly translate from mouse models to humans, caveats arose 194 . The testis can be a reservoir for malignant cells 195, 196 . Without defined markers of human spermatogonial stem cells for enrichment protocols, the ability to purify the stem cells is limiting. The presence of even rare malignant cells could cause recurrence in an individual who was otherwise cured of his cancer. Transplantation is challenging because of anatomical differences between the mouse and human testis. Finally, damage to the niche or Sertoli cell microenvironment may limit or prevent spermatogonial stem cell engraftment, colonization or both. Despite these caveats, cryopreservation of testicular tissue before chemotherapy or radiotherapy may be useful, with the expectation that these challenges can be overcome in the near future.
Adult mouse spermatogonial stem cells show plasticity and can transition into multipotent cells with the potential to differentiate into all three germ cell layers 197 . This revolutionary advance suggests that spermatogonial stem cells could provide a source for cell-based therapies without the ethical concerns associated with the use of human embryonic stem cells. If successful, a man could provide his own stem cells for regenerative strategies or even gene therapy for correction of genetic defects. Transplantation of just a single multipotent spermatogonial stem cell emphasizes the potential for conversion. However, once converted, the cell loses its spermatogenic potential 198 . Gene targeting of spermatogonial stem cells yielded mice with targeted deletion of occludin 199 . Successful conversion of human spermatogonial stem cells to embryonic stem (ES)-like cells was just reported 200 . Conversely, mouse ES cells and bone marrow stem cells have been manipulated to establish spermatogonial stem cell lines that were then used to generate haploid germ cells in vitro, which, in turn, resulted in the birth of live mice after fertilization by ICSI or IVF and embryo transfer 201, 202 .
Methods to identify, culture and correct genetic defects in human germline stem cells are needed to ameliorate infertility caused by genetic disease-related genes. Culture and manipulation of rodent spermatogonial stem cells shows promise 203, 204 , with reports of gene manipulation in spermatogonial stem cells in vitro 199, 205 . Information about genes encoding proteins involved in the stem cell niche (for example, ets-related molecule 206 ), the pathways necessary for 'stemness' (for example, glial cellderived neurotrophic factor 203 ) or differentiation of these cells (for example, neuregulin 207 ) is increasing. In mouse models, successful trangenesis can be achieved by using lentiviral and retroviral vectors to transduce germ cells [208] [209] [210] . Despite advances in nonhuman primates 211 , the field is not yet ready to genetically correct germline mutations in humans. Vectors for gene therapy that meet stringent safety requirements for germline therapy are not yet available, and there may be ethical concerns regarding germline gene therapy, as well. Nevertheless, a form of human germline gene transfer did happen inadvertently when oocyte cytoplasmic transfer from ova of young women to ova of older women occurred in an IVF setting 212, 213 . Mitochondria carry their own genome, and thus they were transferred with the ooplasm proteins from the young donor ova to the recipient egg. The children conceived had mitochondrial genes inherited from the mother, father and young ooplasm donor, leading the US Food and Drug Administration to restrict this procedure. Likewise, the ability to produce true fertilizable gametes from ES cells is limited by currently available technologies. Lastly, the hope that the female germline can be easily replenished has been dashed 214 . Indeed, despite reports of follicular renewal in the postnatal mammalian ovary 215 and of the ability of bone by federal regulations that restrict research on human ova or embryos, including human stem cell research 176 . Now that we have highlighted what is currently done for diagnosis and treatment in the clinic, we want to briefly draw attention to some key areas that we think represent the future for fertility prevention, diagnosis and treatment.
Fertile couples have expressed the desire for an effective male contraceptive that is reversible, safe and 100% effective, yet a male contraceptive pill continues to be unavailable. Thus, the male infertility-associated proteins discussed in this paper are important not only from a genetic point of view but also as potential targets for contraception 177 . Despite the current focus on hormonal contraceptives, the wealth of proteins expressed in the male germline suggests that a broadening of the scientific community's efforts in targeting germ cells is warranted. These contraceptives need not be confined to the male but also could be used in the female tract to block many of the enzymes and channels that are essential for sperm motility and sperm-egg interactions. For example, because human sperm express odorant receptors that aid in chemotaxis toward an oocyte, the fallopian tube or both 178 , specific small molecules that can redirect sperm would be potentially important additions to any spermicidal jelly to confuse the sperm and would be an acceptable contraceptive to prevent sperm-egg fusion. Alternatively, agents targeting the Sertoli cell, such as gamendazole 179 , and germ cell adhesion 180 show excellent specificity and efficacy in animal models, again providing new approaches to male contraception with potential for human translation. These are reviewed in Supplementary Table 2 and Box 2.
We believe that diagnostic advances for male infertility will be realized in the near future. Although the candidate gene approach using mouse models provides new insights about fertility genes, molecular studies of human gametogenesis are difficult. Notably, oligospermic and normospermic men are not candidates for testis biopsy, so genetic studies of human infertility rely upon somatic DNA. Although the presence of long-lived RNA in the transcriptionally inactive sperm was known 181, 182 , it was not until the work of Krawetz and his colleagues that the diagnostic potential of this RNA became evident. mRNAs and microRNAs expressed during meiosis are present in human ejaculated sperm [183] [184] [185] [186] [187] and can provide information concerning testicular germ cell gene expression in a noninvasive manner. We have begun to screen sperm-associated RNA for mutations in candidate male infertility genes in severely oligospermic men and have identified missense and splicing mutations in the germ cell-specific gene KLHL10 in about 1% of the men 188 . In parallel, a highthroughput gene expression microarray revealed changes in expression of the ubiquitin-proteasomal and apoptotic pathways resulting in failure of spermiogenesis in men with teratozoospermia 189 . Thus, haploid-expressed genes involved in meiosis and differentiation during spermatogenesis can be analyzed in a noninvasive manner. It is expected that this advance will rapidly improve the clinical diagnosis of genetic defects in spermatogenesis in the future.
Gonadal stem cells may offer couples the hope of rejuvenation of fertility and provide a target for gene therapy and a novel approach to the production of pluripotent stem cells. When spermatogenesis is damaged by exposure to chemotherapeutic agents, radiation or other toxic agents, secondary infertility results, with prolonged periods of azoospermia or severe oligospermia. Although sterility seems permanent, spermatogenesis may spontaneously recover years after treatment [190] [191] [192] when the surviving spermatogonial stem cells suddenly re-initiate the proliferative and differentiative events required for spermatogenesis. Ralph Brinster's laboratory proved the existence of adult spermatogonial stem cells by showing their ability to be transplanted and to engraft and colonize the seminiferous epithelium 193 . This could provide an important approach for fertility preservation. For cancer patients, sperm banking before chemotherapy provides one option to preserve fertility. However, children who undergo nature medicine volume 14 | number 11 | november 2008 1209 r e v i e w marrow stem cells to differentiate into oocytes 216 , these findings remain controversial [217] [218] [219] . Thus, stem cells offer great promise, but the nation remains divided on the moral and ethical issues associated with the use of embryonic stem cells with significant restrictions imposed by current federal regulations in the United States. Yet, adult spermatogonial stem cells may offer the possibility of a unique source of pluripotent cells with the potential to restore spermatogenesis in cases of secondary spermatogenic failure through autologous transplantation. These stem cells may also offer a renewable source of cells to be used to correct a variety of diseases of aging, to develop new cell-based therapies for a wide range of diseases and to advance germline gene therapy to ameliorate genetic diseases in offspring.
CONCLUSIONS
The greatest challenge posed by the research successes realized to date and in the future will be the translation of the research findings in both mouse models and in human male infertility into clinical practice. Indeed, the literature is replete with hundreds of papers reporting a lack of success in finding mutations in infertile humans by using known mouse infertility genes as a basis for the search. In some cases, this reflects broad study subject selection criteria without rigorous classification of study groups, but more often these failures of clinical translation reflect the complexity of the signaling pathways in combination with the multitude of gene products required for each step of gametogenesis. In contrast, current clinical evaluation of infertile couples is relatively simple and superficial. After a history and physical examination, circulating hormone levels are assessed, semen analyses are performed and a genetic evaluation (if it is performed at all) is restricted to the current limits of clinical testing: a karyotype and perhaps a Y chromosome microdeletion test or a test for sperm aneuploidy (for the males). The diagnoses are usually descriptive of the observed problem, with no mechanistic insight into etiology. With the development of ART, many otherwise hopelessly infertile couples can experience parenthood. It is our expectation that someday, the research advances of today can be used to cure infertility, in contrast to the current practice of overcoming infertility using defective gametes, and at the same time ensure the birth of a healthy baby for all couples desiring parenthood.
